The binuclear heterovalent manganese model complex [Mn(II)Mn(III)(L1)(OAc) 2 ] ClO 4 3 H 2 O (H 2 L1 = 2-(((3-((bis-(pyridin-2-ylmethyl)amino)methyl)-2-hydroxy-5-methylbenzyl)(pyridin-2-ylmethyl)amino)-methyl)phenol) has been prepared and studied structurally, spectroscopically, and computationally. The magnetic and electronic properties of the complex have been related to its structure. The complex is weakly antiferromagnetically coupled (J ∼ -5 cm -1 , H = -2J S 1 3 S 2 ) and the electron paramagnetic resonance (EPR) and magnetic circular dichroism (MCD) spectra identify the Jahn-Teller distortion of the Mn(III) center as predominantly a tetragonal compression, with a significant rhombic component. Electronic structure calculations using density functional theory have confirmed the conclusions derived from the experimental investigations. In contrast to isostructural M(II)Fe(III) complexes (M = Fe, Mn, Zn, Ni), the Mn(II)Mn(III) system is bifunctional possessing both catalase and hydrolase activities, and only one catalytically relevant pK a (= 8.2) is detected. Mechanistic implications are discussed.
Introduction
Binuclear manganese clusters are found in a variety of metalloenzyme systems 1, 2 including, among others, arginase, 3 bacteriophage λ protein phosphatase, 4, 5 SoxB, 6, 7 and exonuclease. 8 A binuclear manganese derivative of a purple acid phosphatase from sweet potato (SP-PAP) has recently been isolated and characterized by EPR spectroscopy. 2, 9 There has been considerable interest in binuclear manganese model systems as potential biomimetics, in particular for catalase enzymes. 10, 11 A range of binuclear manganese complexes with catalase activity ranging from k cat =0.017 s . One such catalase model complex 15 is the Mn(II)Mn(III) complex with the ligand L1 2-(H 2 L1=2-(((3-((bis(pyridin-2-ylmethyl)amino)methyl)-2-hydroxy-5-methylbenzyl)(pyridin-2-ylmethyl)-amino)-methyl)phenol as shown in Scheme 1) . The complex shows significant catalase activity, with a k cat =2.48 ( 0.15 s -1 and a K M = 83 ( 1 mM and has been previously characterized by structural determination and electrochemistry. 15 Electrochemical measurements have indicated that the heterovalent oxidation state is stabilized by the asymmetry of the ligand, similar to the isostructural Fe(II)Fe(III) complex. 16 The latter is a biomimetic model for PAPs, especially the animal enzymes, which require heterovalent diiron centers for catalytic activity. 17, 18 PAPs catalyze the phophorolysis of a large number of substrates, including predominantly monoesters but also some diesters. 18, 19 The catalytic rates are in the range between ∼10 s -1 to ∼1,000 s -1
depending on substrate and source of the enzyme (i.e., SP-PAP is faster than animal PAPs). 20, 21 In contrast, the Fe(II)Fe(III) biomimetic is not reactive toward monoester substrates but displays moderate activity toward diester substrates (k cat ∼ 10 -3 s -1
). 16, 18, 22 Because of its structural similarity to PAP biomimetics it was thus timely and of interest to investigate if the above binuclear manganese(III/II) complex with H 2 L1 may be bifunctional, possessing both hydrolytic and catalase activities. In this work a number of spectroscopic and computational techniques were applied to understand the spectral signatures of the binuclear center and to relate these to those of the dimanganese enzyme.
Experimental Section

Synthesis of Complex [Mn(II)Mn(III)(L1)(OAc)
]-ClO 4 3 H 2 O. The ligand H 2 L1 was prepared as described previously. 16 A methanolic solution (20 mL) of H 2 L1 (134 mg, 0.246 mmol), manganese acetate tetrahydrate (120 mg, 0.492 mmol), and sodium perchlorate hydrate (35 mg, 0.246 mmol) was heated to 40°C for 30 min, then allowed to stand at room temperature. After slow evaporation of the solvent, the complex formed brown diamond-shaped crystals of diffraction quality (111 mg, 51%). Elemental analysis: Calcd for C 38 package. [23] [24] [25] The Vosko-Wilk-Nusair (VWN) form of the local density approximation (LDA) was used, 26 and GeneralizedGradient-Approximation (GGA) corrections were introduced by using the Becke exchange functional 27 and the Perdew correlation functional. 28 Triple ζ basis sets with one polarization function were used for all atoms in the systems. The frozen core approximation for the inner core electrons was employed in the form of Mn 3 2p, O 3 1s, N 3 1s, and C 3 1s basis sets, and solvent effects were incorporated with the Conductor-like Screening Model (COSMO) 29 with water as the solvent. Plots of the molecular orbitals were generated with the MOLEKEL program 30 ,31 using data in MOLDEN format 32 derived from the ADF TAPE21 files.
2.3. EPR Spectroscopy. Continuous wave X-band electron paramagnetic resonance (EPR) spectra were recorded with a Bruker Biospin Elexsys E580 EPR spectrometer fitted with a super high Q cavity. Magnetic field and microwave frequency calibration were achieved with a Bruker ER 036 M Teslameter and a Bruker microwave frequency counter, respectively. Temperatures were controlled using an Oxford flow-through cryostat (ESR910) in conjunction with an Oxford ITC503 temperature controller. Spectrometer tuning, signal averaging, and subsequent spectral comparisons were performed with Bruker's Xepr (version 2.3) software. Computer simulation of the EPR spectrum was performed using the XSophe-SopheXeprView computer simulation software suite (v 1.1.4). 33 2.4. Magnetic Circular Dichroism. Magnetic circular dichroism (MCD) spectra were obtained from samples in an ethanol/ methanol (50:50) glass in a 1 mm path length quartz cell, measured at (7 T with an Oxford Instruments Spectromag using a Hamamatsu R669 PMT and InGaAs detectors, with a Lastek designed MCD instrument. 34 2.5. Magnetic Susceptibility. Magnetic susceptibility measurements were made at the School of Chemistry, Monash University, Australia, using a Quantum Design MPMS SQUID magnetometer with an applied field of 1 T as a function of temperature (ranging from 2 to 300 K). The crystalline samples were enclosed in a calibrated gelatin capsule positioned in the center of a drinking straw fixed to the end of the sample rod. 2 ] þ cation is shown in Figure 1 .
Results
X-ray
3.2. Mass Spectrometry. The mass spectrum of the complex in acetonitrile (Supporting Information, Figure  S1 ) exhibits two major ion peaks which correspond to
þ (m/z 743), the latter likely because of trace amounts of methanol. In methanol (Supporting Information, Figure S1 , right), the base peak Figure S1 , inset) are observed in all cases. High molecular weight (m/z > 900) species, likely because of association adducts with solvent or anion species, were also apparent.
With the acetonitrile:water (50:50) solvent used for kinetic assays, the major peak in the spectrum (data not shown) corresponds to the species [Mn(II) 2 
þ (m/z 688), in which the acetate bridges have been replaced by aqua/hydroxo ligands, and the trivalent manganese has been reduced to manganese(II). Reduction of transition metal ions has previously been observed under the conditions of electrospray ionization. [35] [36] [37] [38] However, the lack of resonances associated with a weakly antiferromagnetically coupled dinuclear Mn(II) center in the EPR and MCD solution studies below indicate the Mn(II)Mn(III) oxidation states are preserved under normal conditions with methanol/ethanol solvents. We also note that no acetate bridged species are observed in the mass spectrum recorded under the conditions used for kinetic assays.
3 15 Here, the hydrolytic activity of the complex was assessed using 2,4-bis(dinitrophenyl)phosphate (BDNPP) as the substrate (Figure 2 ). The activity maximizes at ∼pH g 10, and fitting the data to eq 1, derived for a monoprotic system, yields a pK a of 8.2. In the above equation, x = J/kT (for H = -2JS 1 3 S 2 ), g is the average g-value and θ is the Curie-Weiss constant. Least squares fitting of χ M to the above expression results in the solid line in Figure 3 with the parameters J = -4.18 cm -1 , g = 2.02 and θ = 0.11. The inclusion of tetragonal zero field splitting parameters resulted in a similar value of J = -5.0 cm -1 , with |D 1 | <0.1 cm -1 and |D 2 | of the order ∼5 cm -1 . Importantly, when the full Hamiltonian is used the Curie-Weiss constant, which often implies a ferromagnetic interaction, is not required. However, we note that the fit is relatively insensitive to the values of D and that the Mn(III) S = 2 site will have a large rhombic component, and for this reason we cannot quantify the zero-field splitting parameters with certainty.
3.5. EPR Spectroscopy. The frozen solution (methanol) EPR spectrum ( Figure 4 ) shows highly resolved features around g ∼ 2 at 1.5 K, indicative of an S = 1/2 ground state as would be expected for an antiferromagnetically coupled Mn(II)Mn(III) system. To simplify calculations, only the ground state of the complex was simulated using eq 3 and the XSophe-Sophe-XeprView computer simulation software suite 33 with an effective S = 1/2 spin Hamiltonian.
Here, the subscripts 1 and 2 refer to the Mn(II) and Mn(III) ions. Rhombic g-and A-matrices were necessary for the simulation illustrated in Figure 4 , using the parameters given in Table 1 . In addition to the intrinsic line widths (σR x,y,z = 49.10, 112.71, 33.29 Â 10 -4 cm -1 ), broadening was simulated using g-and A-strain, (σg x,y,z / g x,y,z =-0.0244, 0.0281, -0.0010; σA x,y,z =8.471, -8.517, -10.241 Â 10 -4 cm -1 ). The simulation parameters are typical for complexes of this type, and Table 1 contains some values for comparison.
The temperature dependence of the EPR spectrum is shown in Figure 4b . As the temperature is raised a low field transition (g eff ∼ 6) emerges, reaching a maximum around 10 K before it gradually disappears, concomitant with a shift of the resonance to a lower magnetic field. Deconvolution studies revealed that it is composed of two components at g eff ∼ 5.6 and 7.0. The g eff ∼ 5.6 resonance initially increases in intensity with temperature up to about 4 K and then decreases, while the g eff ∼ 7.0 resonance increases with increasing temperature. While the g eff ∼ 5.6 resonance arises from a transition within the (|3/2ae doublet of an S = 3/2 spin state, the g eff ∼ 7.0 resonance most likely arises from a transition within a (|1/2ae doublet of an S = 5/2 excited spin state where the zero field splitting parameter (D) is greater than the microwave quantum. [40] [41] [42] [43] Quantitative analysis of the variable temperature data for g eff ∼ 5.6 resonance proved impossible as a result of spin-lattice relaxation.
43,44
Because of the weak exchange coupling, the excited S = 3/2 and 5/2 transitions would be expected to appear at relatively low temperatures. 42 For example, on the basis of a J of -5 cm -1 , the S = 3/2 state would be ∼24% populated at 10 K. The S = 1/2 resonances decrease in intensity as the temperature increases, and at high temperatures, the only remaining features apparent around g = 2 correspond to a minor monomeric high spin Mn(II) impurity as is apparent from the magnetic susceptibility data ( Figure 3 ). Attempts to fit the intensity of the resonances to the appropriate Boltzmann populations were unsuccessful as the intensity of both resonances decay more rapidly than would be expected. This is typical of weakly exchange coupled Mn(II)Mn(III) systems where rapid Orbach relaxation leads to loss of the signal at low temperatures. 43, 44 Although mass spectrometry indicated the presence of some reduced species in methanolic solution, the EPR data are consistent with the retention of the heterovalent oxidation states (Mn(II)-Mn(III)) under these conditions. 45-47 and correspond to the phenolate to Mn(III) charge transfer transitions which are also evident in the absorption spectrum (Figure 5b ). The broad bands show characteristic C-term behavior, with the signal intensity rapidly decreasing with increasing temperature. Unusual features of the spectra are the sharp, temperature dependent peaks at 426 and 472 nm. The 426 nm feature is also clearly resolved in the low temperature absorption spectra (Figure 5b ). The relative intensity of these sharp features increases with increasing temperature over this temperature range, and interestingly, the MCD of the sharp MCD feature at 472 nm appears to change sign.
The variable temperature-variable field (VTVH) MCD data measured at 450 nm are shown in Figure 6 , where the nested curves are a consequence of the low energy states of this spin-coupled system. To simulate the data, a coupled S 1 = 5/2, S 2 = 2 spin Hamiltonian in eq 4 was used, with the coupled basis of dimension (2S 1 þ1) Â (2S 2 þ1) and the approximations g(S 1 ) ∼ 2, g(S 2 ) ∼ 2, D 2 ∼0. Further it was assumed that the metal centers have approximate tetragonal symmetry, with the rhombic zero field splitting parameters zero.
Following the formalism of Neese and Solomon, 48 the MCD VTVH curves are calculated from
where the N i are the Boltzmann populations of the energy levels; AES x1i ae is the expectation value of the spin operator S x1 for spin 1 in level i using the eigenvectors from the solutions of (4); and l, m, n specify the direction of the magnetic field with respect to the molecular fixed axis 10042
was numerically integrated by repeated diagonalization of the 30 Â 30 matrix over Gaussian quadrature grid points in θ and φ. The principal axes on each center can be related to a common dimer axes system; however, as it is assumed that the phenolate-to-Mn(III) LMCT transition dominates the MCD intensity (M xy1 = M xz1 = M yz1 = 0), we define the axes system to be the principal directions of the Mn(III) (S 2 = 2) center. The z axis is defined in the Mn2-O2 direction, the x axis perpendicular to the Mn1-O1-Mn2 plane.
As discussed below, the exchange coupling is quite sensitive to the Mn(III/II)-O bond lengths, and since there are likely structural changes in solution (such as possible replacement of acetate bridges with methoxy ligands, as suggested by the mass spectrometry), as well as increased flexibility, the J value determined from magnetism was used only as a starting value and allowed to float. The antiferromagnetic nature of the coupling was fixed based on the S = 1/2 ground state observed in the EPR spectra measured in methanol. The parameters J = -4.7 ( 0.2 cm -1 and D(Mn(III)) = 4.3 ( 0.2 cm -1 were obtained from the fit to the data shown in Figure 6 . A small ZFS associated with the divalent manganese was required to fit the data, along with a larger value associated with the trivalent manganese. As with the magnetic susceptibility data, the fit of the VTVH curves was relatively insensitive to the values of the ZFS parameters, as has been seen in other manganese systems, 49 and the use of the additional rhombic ZFS parameters could not be supported by the data although it can be assumed that the E values are not zero. We also found that for these parameters together with the approximations and coordinate system defined above, the calculated VTVH curves result in the expected M xz2 ∼ M yz2 > M xy2 , but that the fit is insensitive to the actual value of M xy2 .
3.7. Electronic Structure Calculations. The geometry optimized structure of the [Mn(II)Mn(III)(L1)(OAc) 2 ] þ cation is given in Supporting Information, Table S3 , together with a comparison to the experimental data. The average absolute deviation between calculation and experiment is 2-3 pm, and the agreement is somewhat better for the Mn(II) than the Mn(III) sites. The calculated Mn-Mn distance and Mn-O-Mn angle are 3.50 Å and ∼116°respectively, very close to the experimental values (3.49 Å and 115.8°).
It is interesting to compare these values to those calculated for the reduced system [Mn(II)Mn(II)-(L1)(OAc) 2 ]. In this case all metal-ligand distances of the Mn2 site exhibit a significant lengthening which correlates with the change in formal oxidation state from Mn(III) to Mn(II). In contrast, the Mn1 site, which does not undergo a change in formal oxidation state, shows only a relatively small increase of the metal-ligand distances, with the exception of the Mn1-O1 distance, which decreases considerably, in opposition to the large increase in the bond length between this bridging oxo site and the Mn2 site. The calculated Mn-Mn distance and Mn-O-Mn angle for the reduced dimer are 3.45 Å and ∼110°, respectively. A comparison of selected bond lengths of the Mn(II)Mn(III) and Mn(II)Mn(II) dimer systems is given in Supporting Information, Table S4 . A Mulliken population analysis (Supporting Information, Table S5 ) shows values for the atomic charge and spin density consistent with high-spin configurations, with S = 5/2 and S = 2, respectively, for Mn(II) and Mn(III) sites. d 4 ) center, but the orientation is somewhat ambiguous. Karsten et al. 15 proposed a tetragonal elongation along the O6-Mn2-N3 axis (average bond lengths 2.21 Å , compared to the averages 1.88 and 2.05 Å along the other axes). It is also possible to define a tetragonal compression along the O1-Mn2-O2 axis (1.88 Å ), but in either case there is a large rhombic component to the ligand field.
The divalent (Mn1) and trivalent (Mn2) centers are readily distinguished on the basis of bond lengths. þ yields a BVS value of 1.98 for Mn1 and 2.99 for Mn2, consistent with the proposed di-and trivalent oxidation states, respectively.
Magnetochemistry and EPR.
Fitting of the magnetic susceptibility data indicates that the metal centers are weakly antiferromagnetically coupled. The weak antiferromagnetic coupling is typical of μ-(phenoxo)-bis-(μ-carboxylato) systems and exchange coupling constants of this magnitude have been reported for similar Mn(II)Mn(III) complexes. [40] [41] [42] 54 In this complex, use of the simple Van Vleck model (eq 2) is not strictly valid as the Mn(III) ion is expected to have a D value of the order of the coupling constant J. We have fitted the data using the full spin Hamiltonian of the coupled system but because of over parameterization we have had to set the rhombic ZFS parameter E to zero. The treatment of the susceptibility data with and without inclusion of ZFS parameters resulted in very similar values for the coupling constant. Figure 7 ) renders the orbital higher in energy and thus less populated, resulting in a smaller exchange coupling, while a longer bond has the opposite effect. 40 In the current complex, δ Mn-O is 0.267 Å and using the relation determined by Dubois 40 yields a J of -6.5 cm -1 , slightly larger than the values found from the magnetic susceptibility (J = -5.0 cm -1 ) and the VTVH MCD experiments (J = -4.7 cm -1 ).
The EPR spectrum of the model complex strongly resembles that of other Mn(II)Mn(III) dimers.
41,44,54-59 Table 1 shows the simulation parameters used for similar complexes, as well as for catalase and for the species obtained from the reaction of photosystem II with NO. In comparison to the enzyme systems, the [Mn(II)-Mn(III)(L1)(OAc) 2 ]ClO 4 model complex has a larger rhombic distortion. Huang et al. 55 reported a thorough analysis of the EPR simulation of the effective S = 1/2 state of an antiferromagnetically coupled Mn(II)Mn(III) dimer system, and related the effective hyperfine values A to the intrinsic hyperfine values a. The calculated spinprojection coefficients are c 1 = 7/3 for Mn(II) and c 2 = -4/3 for Mn(III) 55, 60, 61 for the S = 1/2 ground state, assuming that |J| > |D|.
Using this relationship, the intrinsic hyperfine values and the hyperfine anisotropy, Δa, values can be calculated ( Data originally included are shown as triangles, subsequent data as circles, and the current complex as a cross. The straight line shows the linear best fit to the data. the 63, 67 This corresponds to a tetragonally compressed distortion which gives rise to a positive value of the ZFS parameter D. 63 The identification of a positive D and thus a tetragonally compressed geometry is in contrast to the Jahn-Teller elongation proposed by Karsten et al., 15 but is consistent with the markedly shorter Mn2-O1 and Mn2-O2 bond lengths along our definition of the z axis, indicating that this corresponds to the tetragonally compressed axis and the orientation of the unfilled d z 2 orbital. Interestingly, the bulk of manganese(III) complexes studied by EPR have tetragonally elongated geometries and negative values of D.
68
The isotropic hyperfine matrix of the manganese(II) ion is consistent with that reported for isolated manganese(II) in crystalline hosts. 62 However, the significant anisotropy of the hyperfine matrix in this center is unexpected. The minor distortion from octahedral geometry is insufficient to cause such a large anisotropy, and so it is attributed to "transferred anisotropy". That is, in weakly exchange coupled dimers where S 1 = S 2 þ 1/2, the effective hyperfine coupling of each metal ion is influenced by the ZFS term of both metal ions, and the exchange coupling constant. 69 In this way the anisotropy of the trivalent manganese can be transferred to the divalent ion. 55, 60 Also of note, and similar to that observed in the related complex, 55 are the rhombic line width parameters, where the x-and y-components have much larger linewidths than the z-component. While the main contribution to the EPR line width is the transverse relaxation time, this effect would be expected to be homogeneous. 55, 70 Other possible sources of line broadening include anisotropic T 1 's and the anisotropic distributions of local magnetic fields arising from anisotropic ZFS, electronic Zeeman, and hyperfine interactions.
4.1.3. Zero Field Splitting Parameters. The MCD and absorption spectra of the complex are dominated by ligand-to-metal charge transfer (LMCT) bands at ∼450 nm. In the MCD spectrum, these bands show usual Cterm behavior. However, the weak sharp bands at 426 and 472 nm show unusual temperature dependence, as they do not appear to significantly decrease in intensity as a function of temperature. The low intensity and narrow bandwidth of the absorption peaks indicates that they likely arise from spin flip transitions. 46, 47, [71] [72] [73] These are ligand field independent transitions in which the excited state has the same orbital but different spin configuration as the ground state. These states appear as horizontal lines in the Tanabe-Sugano diagram (see Supporting Information, Figure S2) . 47 Similar weak, sharp transitions have previously been observed in various manganese(III) and manganese(II) complexes, [45] [46] [47] 49, 72, [74] [75] [76] and at these energies, the bands are probably attributable to transitions associated with the Mn(III) center arising from ligand field components of the 3 H term.
46
There are two main mechanisms by which spin forbidden transitions may gain intensity in a dimer. [77] [78] [79] [80] [81] First, intensity may be gained through a single ion mechanism, which is due to the combined action of the odd-parity ligand field at the single-ion site and spin-orbit coupling. 47, [78] [79] [80] [81] This mechanism always contributes to the intensity of the spin forbidden transitions in a dimer since there can be no center of inversion at the single ion site, and may be a significant contributor to intensity in single excitations of weakly coupled systems. The second mechanism is an electric-dipole exchange mechanism, termed the Tanabe mechanism. [78] [79] [80] This is the most effective intensity-providing mechanism for pair transitions within t 2 orbitals, [78] [79] [80] and relies heavily on overlap between the magnetic orbitals of the constituent centers. Either of these mechanisms could be responsible for the intensity of the single ion spin forbidden transitions observed.
The VTVH MCD data revealed weak antiferromagnetic coupling with J = -4.7 cm -1 , similar to the solid state value (J = -5.0 cm -1 ). A tetragonal ZFS parameter associated with the manganese(III) center was found to be D = 4.3 cm -1 . Similarly to the fit of the magnetic susceptibility data, the rhombic parameters E could not be determined because of the over parametrization of the model. While the fit is again relatively insensitive to the value of D, the similar values obtained from both the magnetic susceptibility and the VTVH MCD lends some confidence to this value. Other reported values for the single ion Mn(III) D parameter derived from a coupled system have been in the range |D| ∼ 1-2 cm , about half the value obtained from the data shown in Figure 8 . We have investigated this further (Supporting Information, Figure S2 ) and find similar values to the perturbation expressions if only the quintets are included in the calculation. To reproduce the values of the full ligand field calculation, one must also include the triplet with the quintet states.
The spin-orbit coupling between the quintet ground state and the triplet excited states are therefore important in determining the ZFS of the ground state. This is also consistent with the sharp features observed in the spectrum being assigned to the spin-forbidden transitions to states associated with Mn(III) triplet states. It should be noted that the sign of the ZFS parameter D is essentially ambiguous in the pure rhombic limit when |E/D| = 1/3. In this orbitals, a measure of the Jahn-Teller driving force of the d 4 configuration. That the Jahn-Teller distortion has the opposite sign to that expected for a d 4 configuration is due to the effective compression provided by the O1 and O2 ligating atoms. 84 Calculations of the reduced Mn(II)Mn-(II) complex (Supporting Information, Figure S4) show that the e g energy separation is greater for the Mn2 site than the Mn1 site because of the effective compression of the N 2 O 4 coordination sphere. However, the e g orbital splitting in the Mn2 site of the Mn(II)Mn(III) complex (Figure 9, right) is about a factor of 2 larger still, indicating that the splitting in this case is principally due to the Jahn-Teller effect, not solely to the ligand environment of the Mn2 site. The overall energy separation of the averages of one electron orbitals of e g and t 2g like character for the Mn(II) and Mn(III) sites in the Mn(II)-Mn(III) complex are 12,900 and 16,900 cm , respectively. This illustrates the larger effective octahedral ligand field about the Mn(III) ion, as expected.
Finally, calculations have been made on the ferromagnetic high-spin states to be able to calculate the coupling constants using standard methodology. 85 The calculations indicate that the broken-symmetry states are more stable than the spin aligned states, and thus antiferromagnetic coupling is predicted, in agreement with experiment. However, the calculated J values are larger in magnitude than those observed experimentally, J = -24 cm 86-91 Instead of a bell-shaped pH dependence, a monoprotic behavior is noted, resembling the pH-activity profiles observed in some dizinc and dicadmium complexes, 92, 93 and in phosphodi-and triesterases such as the glycerophosphodiestease from Enterobacter aerogenes (GpdQ) 92, 94 and the organophosphate hydrolase from Pseudomonas diminuta (PTE). 95 The complex was not stable under the conditions of potentiometric titration, preventing the determination of other, catalytically silent, pK a values.
The pK a of hexaaqua manganese(III) is ∼1, 96 precluding the assignment of the catalytically relevant pK a of 8.2 to the formation of a Mn(III)-OH species. Instead, comparison to [Fe(III)Mn(II)(L1)(OAc) 2 ] þ86 and other Mn(II) complexes (pK a 's 8.3-9.5) [97] [98] [99] supports the assignment of this pK a to a Mn(II) bound water. In binuclear manganese(II) enzymes, such as λ protein phosphatase, PTE and arginase, bridging hydroxide moieties function as nucleophiles and have pK a values in the range of 7-8.5.
1,100-104 In contrast, hexaaqua manganese(II) has a pK a of ∼10.5, 96 and while the pK a of terminally Mn(II)-bound water has been reported to be as low as 9.2, 99 the value of 8.2 obtained here is indicative of a bridging water molecule between two Mn(II) ions. However, this would suggest that the Mn(III) ion is reduced to Mn(II) (which would account for a Mn-(II)-OH-Mn(II) nucleophile, as observed under the conditions of mass spectrometry). Reduction of the trivalent ion is, however, not likely, as no significant changes to the absorption spectrum (which is primarily due to the trivalent metal ion) were observed in the complex under catalytic conditions as would be expected if the chromophoric trivalent manganese was reduced. 42 Thus, we tentatively assign the catalytically relevant pK a to the deprotonation of a water molecule bound terminally to the divalent manganese, and which is involved in a hydrogen bonding interaction with a hydroxide coordinated to the trivalent metal ion. This hydrogen bonding interaction is expected to decrease the pK a of the Mn(II)-bound water. [105] [106] [107] Indeed, in carbonic anhydrase, Smith et al.
Summary
The binuclear manganese model complex with the L1 2- ligand has been spectroscopically characterized. The complex is weakly antiferromagnetically coupled, typical of phenoxo bridged manganese complexes. The magnetic and electronic properties of the complex have been related to the structure. The EPR and MCD analyses enables the identification of the Jahn-Teller distortion of the Mn(III) center as predominantly a tetragonal compression from the sign of the ZFS and the hyperfine anisotropy. Ligand field and density functional theory have been used to relate the observed zero-field splitting and exchange coupling, respectively, to the compressed geometry. The orientation of the compression is directed along the Mn(III)-O phenolate direction. While this tetragonally compressed geometry is atypical of manganese(III) centers, it has been confirmed here from both the crystal structure and the electronic structure calculations. The unoccupied "d z 2" type orbital is directed toward the bridging oxygen and plays a crucial role in the size of the exchange coupling. Empirically, as the Mn(III)-O phenolate is lengthened, and the ligand environment is less compressed the "d z 2" type orbital drops in energy and the exchange coupling increases.
In addition to its catalase activity, the complex also operates as a functional phosphodiesterase mimic. In agreement with this system's bifunctionality, we were able to demonstrate mechanistic flexibility here (Scheme 2). As the pH changes so does the mechanism of action. Thus, the range of functionality of complexes generated with the ligand L1 2- may reflect, at least in part, how Nature has acquired the ability to tune chemical reactions by using different metal ions in a similar chemical environment.
